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ABSTRACT 


Techniques  are  described  for  processing 
the  signals  obtained  from  the  elements  of  a 
phased  array  antenna  by  means  of  electro-op¬ 
tical  devices  .  These  techniques  employ  one 
electro-optical  device  which  simultaneously 
forms,  as  a  continuum,  all  the  beam  patterns 
that  a  receiving  planar  array  antenna  is  ca¬ 
pable  of  forming.  An  analysis  of  an  electro- 
optical  processor  for  phased  arrays  is  pre¬ 
sented  which  shows  that:  (l)  The  target  lo¬ 
cation  angles  are  obtained  unambiguously  for 
each  and  every  target  that  can  be  resolved, 

(2)  Target  angle  resolution  is  identical  to 
the  resolution  inherent  in  the  antenna  array, 

(3)  MuJtiple  targets  produce  multiple  outputs 
with  all  angles  properly  associated,  (4)  The 
progressive  envelope  delay  that  is  introduced 
at  the  antenna  array  does  not  result  in  an  ap- 
erture-bandwith  constraint. 

Physical  constraints  on  system  bandwidth 
and  the  number  of  array  elements  that  can  be 
processed  are  considered.  Typically,  it 
should  be  possible  to  process  eiectro-opt i- 
cally  10,000  array  elements  with  a  system 
bandwidth  of  10  Mcs . 
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I o  INTRODUCTION 


in  thes^siC?i,?°^fl9Ur?ti-0n,is  3  tllree  “dimensional  circuit 

■  ,  '.rcuit  which  is  a  one -dimensional  device  and 

mpletely  specified  by  the  temporal  variations  of  the 

s  sinvthS:  dnput  and  ?utput  p°rts- 

also  a  three-dimensional  circuit  except  that  in  conven- 
tionai  reflector  antennas,  a  single  feed  point  is  used  to 

^efl^Ctor  surface  with  a  time  varying  signal 
so  that  the  combination  of  feed  and  reflector  reduces  to  a 

t°Lpurdr  2  ”  Fd 

Stt^ft'he1  00»«9uratio„  are  bathat^iSSIiSSrSIr- 
Ults  and  the  use  of  optics  to  process  the  signals  received 
y  e  elements  of  a  phased  array  may  have  some  advantages 

H^ed  Jwrf£Ce  ls.made  sti11  more  Plausible  when  it  is  reai 
3  f,,that  thf  excitation  of  the  elements  of  a  phased  arrav 

pairs/aS^^JS^i^S  ob^ct™^  5^“ 

Techniques  will  be  described  for  process-inn  rtio  a  ■  t 
obtained  from  the  elements  of  a  phased^raj  b^means  of  S 
electro-optica!  device3.  These  techniques  employ  one  opti- 
1  device  which  simultaneously  forms,  as  a  continuum  all 
the  beam  patterns  that  a  receiving  array  antenna  is  capable 
of  forming  This  differs  significantly  from  the  case  of  a 
conventional  phased  array  beam  processor  where  simultaneous 
oeam  formation  is  quantized  since  each  beam  mSst  be  formed 
in  a  separate  electrical  circuit  This  basic  difference  is 

ticaiedLic2~e?UenCe  °f  ^hS  three~dimensional  nature  of  op- 
lleclria  COm^red  to  the  one-dimensional  nature  of 

circuits.  The  unique  beam  forming  capability  in¬ 
herent  in  certain  electro-optical  devices  wilFbe  discussed. 
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Dha  °Vhe  ^sumption  that  electro-optical  processing  of 
cal  valup Slgnals  ls  possible,  would  it  be  of  any  practi- 
1  VIn  many  array  radar  applications  it  has  been 
receptiSn^1??  -t0  U?f  ^eParate  arrays  for  transmission  and 

uct  of  tranJw^S  Wel1  known  that  ln  a  search  radar  the  prod- 
transmitter  average  power  and  receiver  area  is  fixed 

fy  dh  nature  of  the  search  problem.  Therefore,  without  af- 

of  man?  operfofmance ^  the  transmitter  array  can  consist 

is  J  I,  ®,power  elements  or  few  high  power  elements.  it 
is  usually  less  expensive  to  build  and  maintain  a  few  hiah 
power  transmitting  elements  than  many  low  power  ones  How¬ 
ever,  if  the  transmi  tter  array  has  fewer  elements  than 
the  receiver  array,  it  will  have  a  broader  beam  pattern  If 

recei?i?  t0  ^  the  transmitted  power,  a  number  of 

Yf  beams  muse  be  formed  simultaneously  in  order  to  col- 

aS  p  hG  ®ner^  from  all  parts  of  the  transmitter  beam  The 
r^or?rand°Sf  aad .  maintenance  of  the  receiver  beam  forming 
,r^r?fkS  a"d  °f  tkeir  associated  signal  processing  equipment 
ually  offsets  the  potential  saving  in  transmitter  cost  and 
maintenance  that  can  be  realized  by  the  use  of  a  small  number 
of  high  power  elements.  numoer 

Now,  since  one  optical  device  can  form  all  the  beams  of 
he  receiver  array  simultaneously,  it  becomes  possible  to 

?ffm^rfnSmipierparrayS  With  smaHer  numbers  of  high  power 
elements  without  incurring  additional  receiver  costs  it 
mey  aiso  be  practical  to  provide  the  electro-optical ‘device 
with  a  time  waveform  processing  capability  so  that,  when  the 
array  transmits  a  suitable  complex  waveform,  pulse  compres- 
si°n  can  be  simultaneously  accomplished. 

Furthermore,  the  beam  forming  capability  of  the  electro- 
optical  signal  processor  is  not  affected  by  the  progressive 
envelope  delay  that  is  introduced  at  the  receiving 
As  a  direct  consequence  of  this  inherent  processor  character- 
istic  the  corresponding  aperture-bandwidth  constraint  is  re¬ 
moved.  The  electro-optical  signal  processor  does,  however 
inc-roduce  a  constraint  on  tne  system  bandwidth  and  the  num-' 
b  r  of  array  elements  that  can  be  processed.  Typically  it 
should  be  possible  to  process  electro-optically  10,000  array 
e  .ements  with  a  system  bandwidth  in  excess  of  10  Mcs 
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II •  THEORETICAL  CONCEPTS  AND  PAST  RESULTS 


The  phased  array  signal  processors  that  will  be  consid- 

,  ar\  in  nart  on  certain  well  established  electro- 

ered  are  based,  in  parr,  cn  oeiuaj.ii 

optical  concepts  and  on  previous  experimental  results  that 
have  been  obtained  at  CUERL .  This  background  is  first  re 
viewed  so  as  to  establish  a  firm  and  proven  theoretical  foun 
dation  The  applicable  electro-optical  processor  techniqi. 
are  then  presented  in  succeeding  sections  ^  |e^I 

cussion  of  the  typical  system  parameters  that  appear  teasi 

ble  at  this  time . 

A  .  F.T.ECTRO  -  OPTICAL  SIGNAL  PROCESSOR  CONCEPTS 

As  was  originally  implied  by  Abbe1  when  he  developed 
his  theory  of  optical  resolution  for  coherent  illumination, 
optical  systems  are  capable  of  processing  information. 
Recently,  optical  systems  have  been  described  in  the  litera¬ 
ture2-6  in  terms  of  filter  and  communication  theories  I 

has  been  shown  that,  in  addition  to  the  £ ^tee- 

variable,  optical  systems  provide  two  more' degrees  of  free 
snm  •„  j-u,e  form  of  physical  dimensions  orthogonal  to  the  di 
SctiSn  of  Ught  propagation.  Also,  it  has  been  shown  that 
various  planes  in  an  optical  system  are  related  by  two-di¬ 
mensional  Fourier  transforms7  12  so  that  Integra  cion  an  1  - 
tering  can  be  accomplished. 

in  order  to  synthesize  a  signal  processor  by  employing 
optical  techniques,  the  input  signal  must  first  be  converted 
to  a  sicrnai  which  is  capable  of  spatially  modulating  light  . 
Conversions  of  this  nature  have  been  realized  with  photograph 
ic  film12-14  but  this  results  in  a  considerable  time  delay  due 
to  the  film  processing  time  that  is  required,  and  serious  con- 
*?raintS  are  imposed  on  the  system  due  to  the  requirements  of 
a  stable  film  transport  mechanism,  a  flat  and  uniform  film, 
etc  For  certain  applications  these  disadvantages  can  be  cir¬ 
cumvented  by  employing  transparent  ul sonic  delay  li^s^ 
which  act  as  "instantaneous"  spatial  light  modulators. 
Specifically,  research  efforts  at  CUERL  have  resulted  in  dem 
onstrating  Ihe  feasibility  of  employing  "real-time"  elect  o- 
.  t i cal  techniques  to  obtain  wideband,  instantaneous  spectrum 

analyzers^  aut^oorrelators,  crosscorrelators  pulse  =ompras-_ 

sion  systems  and  two-dimensional  filters.  The  basic  fie 
optical  spectrum  analyzer  technique  is  discussed  beiow 

1  Tox'^Tuirfibered  references,  see  Sec.  V,  p.  1. 


T-l/lyd 


-3- 


COLUMBIA  UNIVERSITY— ELECTRONICS  RESEARCH  LABORATORIES 


and  is  extended  in  concept  in  Section  III  to  provide  a  sig¬ 
nal  processor  which  simultaneously  forms  and  displays  a  con¬ 
tinuum  of  the  beams  obtained  from  a  planar  phased  array  re¬ 
ceiving  antenna . 

1 .  Optical  Transfer  Functions 

Consider  a  plane,  sinusoidal,  electromagnetic 
(light)  wave  propagating  in  free  space  along  the  z-axis  a* 
shown  in  Fig .  1 .  Let  the  amplitude  of  this  plane  wave  be 
Ec  and  let  it  be  incident  upon  an  aperture  which  contains 
an  object  located  in  the  x,y  plane  (object  plane).  The  ob¬ 
ject  can,  in  general  modify  both  the  magnitude  and  phase  of 
the  incident  plane  wave  of  light,  producing  a  light  ampli¬ 
tude*  distribution  emanating  from  the  object  plane 


E0(x,y)  =  [Ec][T(x,y)j 


(1) 


T(x,y)  is  defined  as  the  complex  transmission  function  of 
the  object  and  it  can  be  written  as 


T(x,y) 


E0(x,y; 

- 


A(x,y)  exp [ j^ (x, y ) ] 


(2) 


where .  A(x,y)  is  the  relative  amplitude,  and  ^(x,y)  the 
relative  phase  of  the  light  emanating  from  the  object  plane. 

The  light  amplitude  Eijx',y')  at  a  point  in  the 
image  plane  (Fig.  I)  can  be  shownv2j®ji2  to  be  related  to 
the  light  amplitude  distribution  emanating  from  the  object 
plane  E  (x,y)  by 


-X- 

In  this  report,  the  term  "amplitude"  is  defined  as  the 
complex  amplitude  (magnitude  and  phase)  of  an  optical  signal. 
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00  ,  /  \ 

E..(x' ,y'  )  =  K  /  /  E  (x)y)e“]fc^'X+y'y  dxdy  (3) 

1  —00 


where  Kt  and  b  are  constants.  This  is  the  well  known 
Fraunhofer  formula  which  relates  the  light  distributions  in 
the  object  and  image  planes  by  a  Fourier  transformation.  A 
more  convenient  form  for  this  relationship  can  be  obtained  by 
defining  a  relative  (or  normalized)  light  amplitude  distri¬ 
bution  in  the  image  plane  which  is  given  by 


E(u,v) 


K  /"/  T(x,y)a~32,T<'’x+vJ'>dxcly 

—  00 


(4a) 


where  u  and  v  are  normalized  image  plane  dimensions 
given  by 


u  £  x*/FAl  ,  v  2  y'/FXL 


(4b) 


K  is  a  normalizing  constant,  F  is  the  focal  length  of  the 
integrating  lens  and  XL  is  the  light  (carrier)  wavelength. 

Thus,  for  the  coherent  optical  configuration  shown 
in  Fig.  1,  the  relative  light  amplitude  distribution  in  the 
image  plane  E(x',yl )  is  essentially  equal  to  the  two-dimen¬ 
sional  Fourier  transform  of  the  complex  transmission  function 
T(x,y)  produced  by  the  object  (Eqs.  (4)).  The  complex  trans¬ 
mission  function  for  any  object  is  equal  to  the  light  ampli¬ 
tude  distribution  produced  by  the  object  when  the  object  is 
illuminated  with  a  plane  wave  of  light  having  unit  amplitude 
(Eq.  (2)).  We  shall  refer  to  the  object  as  having  spatially 
modulated  the  incident  light  wave. 

By  utilizing  the  Debye-Sears  f feet 15 *  28 ' 29  in  a 
transparent,  ultrasonic  delay  line,  we  can  obtain  an  "instan¬ 
taneous1  spatial  modulation  for  a  time  varying  input  signal. 

As  a  simplified,  one-dimensional  example  of  this  spatial  mod- 
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wh“i°Sn^tSd^konnfndS  “?f juration  in  Pig.  j> 

input  signal  v(t)  excites  t h  di“eIlal"n  is  employed.  The 
which  vibrates  in  a  lon^U-udL  ?' e,piezoelectric  transducer 
mechanical  vibration*-  cau-e  =  1  ^ compressional )  mode.  These 

the  delay  med^S  ^"iS  5^5"”  ^heV^^  in 
causes  a  corresoondinn  .Y  7pefr  s  •  The  pressure  wave 
delay  medU  of  ^  thf.  «fr^tive  index  of  the 

As  a  result,  the  incident  niano  ,  L  the  i{1Put  space  variable. 
(t°  *  dpptoxima tion ) "^spatial 

tion  t(x)  produced  bv t- the  c°mpi®x  transmission  func- 
length  V  aStSal  &»“  °f 


T(x)  =  PD(X)  exp  j^(x) 


(5a) 


the  finite 

aperture 

length 

is 

accounted  for  bv 

1  1 

for  | 

x  ! 

<  D/2 

pDW 

'  =  l 

' 

0 

for  | 

X  I 

(5b 

>  D/2 

and 

v(t) 


the  spatial  phase  modulat 
can  be  shown  to  be 


ion  produced  by  the  input  signal 


f(x)  =  Kgv(x/ S ) 


(5c) 


K  is  a  constant  for  a  fixed  delay 
ransducer  and  light,  wavelength  * 


medium. 


piezoelectric 


Thus, 

sonic  delay  line 
put  signal  to  a 
time  progresses. 


3  instant,  the  transparent  ultra¬ 

light  modulator  converts  a  time  varying  in- 
proportionai  spatial  phase  modulation,  ^s 
-  e  ultrasonic  wave  propagates  in  the  delay 
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/  SIGNAL 
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/ 
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A-100-  P-0081 


FIG.  2  A  DEBYE  SEARS,  SPATIAL  LIGHT  MODULATOR 
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line  so  that  new  portions  of  the  input  signal  are  continu¬ 
ously  ana  instantaneously  causing  the  incident  light  to  be 
spatially  modulated  with  a  transmission  function  given  bv 
Eqs .  ( 5 ) .  y 

2  •  Electro-Optical  Spectrum  Analyzers 

The  ultrasonic  delay  line  light  modulator  (Fig.  2) 
when  combined  with  a  coherent  optical  configuration  (Fig.  l) 
and  a  suitable  output  photodetector.,  form  the  basic  device 
that  will  be  applied  to  the  processing  of  phased  array  sig¬ 
nals.  This  device  continuously  produces,  at  its  output,  the 
f ouner  transform  (spectrum)  of  the  input  signal.  A  schematic 
diagram  of  such  a  spectrum  analyzer  is  shown  in  Fig .  3 

order  to  clearly  visualize  the  output  response 
of  this  device,  consider  the  output  that  is  obtained  at  the 
instant  when  a  sinusoidal  signal  of  arbitrary  phase  is  con¬ 
tained  in  the  light  modulator ;  For  an  input  signal 


v(t )  -  Vq  cos  (2n-f^t  +  0  ) 


(6) 


the  complex  transmission  function  T(x)  produced  by  the 
light  modulator  is  most  conveniently  written  in  te  ns  of  a 
normalized  input  space  variable  defined  by 


t  =  x/s 


(7) 


The  complex  transmission  function  for  the  delay  line  light 
modulator  can  now  be  written  in  the  form 


T(t) 


Pr 


yd/ 

.(-r)e  m 


cos(2rrf,T +cb  ) 
1  o' 


(8a) 
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where 


Pt(t 


) 


1 

0 


for  I  t  |  < 
for  |  t  |  > 

d 


T 

T 


(8b) 


^ m  ~  KsVo  “  modulation  index 


(8c) 


and  ^ T  -  D/s  is  the  delay  length  of  the 
modulator  for  an  aperture  length  D  and 


ultrasonic  light 
a  sonic  velocity 


For  this  one-dimensional  case, 
put  variable  can  be  defined  by 


a  convenient  out- 


S  . 


f  H  us  S  X- (s/fal)  (8d) 

so  that  the  relative  light  amplitude  distribution  in  the 
image  plane  is 


E(f)  =  K  /  T  (  T  )e~-^TfT 


dT 


(9a; 


I'.ote  that  t  is  m  units  of  time,  f  is  in  units  of  fre¬ 
quency  and  that  f  is  proportional  to  actual  distance  x- 
in.  the  image  plane.  Also,  the  output  photodetector  raosaj  c 
actually. detects  li^ht  intensity  l(f)  So  that  the  detected 


J _  ,  .  .  /  v  , - ^  \  bUdb  UH 

output  signal  v(x  )  m  Fig.  3  is  proportional  to 


1(f) 


E  (  f ) 


(9b) 


at  any  instant  in  time 
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By  combining  Eqs .  (8)  and  (9)  with  K  =  l/Ts  we 
obtain  the  output  signal  shown  in  Fig.  4,  where  l(f)  is 
plotted  as  a  function  of  the  output  frequency  variable  f  . 
This  output  waveform  is  recognized  as  the  power  spectrum  of 
the  input  signal  when  the  modulation  index  permits  ap¬ 

proximating  the  Bessel  functions  Jn(/m)  with  the  terms 
shown.  In  fact,  the  condition  that  ?//m  /  0.3  radian  is  al¬ 
ways  met  for  large  dynamic  range  systems“so  that  the  output 
signal  l(f)  may  be  considered  as  being  the  power  spectrum 
of  the  input  signal. 


Note  that  the  spectrum  is  symmetrical  about  f  =  0 

T>H  f*Vl  Ytri  liaaKl  10  *i  y~\  -Prwma  +-  n  av\  A  - .  ■**,**.  ^3  4  •*.  jl.V  —  , ...  _  _  __ 

—  - — - - - -  aMv»b*v  -“**•*- w- 4  -i- LciiL.axucu  .ljlj.  L-iiti  ZfciX  LJ  OL  UGX 

fringe  which  occurs  at  the  focal  point  (f  =  x1  =  0)  .  We 
now  see  that  it  is  only  necessary  to  detect  those  output  sig¬ 
nals  which  fall  within  a  frequency  band  B  .  This  coverage 
band  is  shown  in  Fig .  4  as  being  centered  at  fD  ,  the  nom¬ 
inal  carrier  frequency  of  the  ultrasonic  light  modulator. 

Of  course,  the  power  spectrum  is  not  a  function  of  the  phase 
angle  9 


In  practice,  the  frequency  coverage  B  is  limited 
by  the  bandwidth  of  the  light  modular.  Special  transducer 
matching  techniques  have  been  developed  at  CUERL20-26* 33 
which  produce  a  50  per  cent  linear  phase  bandwidth  (B  =  1/2  f q  )  . 

The  integration  time  T  and  the  output  frequency 
resolution  Af  =  1/T  ^  are  limited  by  the  characteristics  of 
the  delay  medium  and/or  the  maximum  optical  aperture  length 
D  that  can  be  used.  Experimental  and  theoretical  investi¬ 
gations  at  CUERL2 0 -26,3  3,34  hag  resuited  in  data  which  shows 
that  water  is  a  near  optimum,  low  sonic  velocity  delay  medi¬ 
um.  With  available  diffraction-limited  three-inch  optics 
and  a  water  delay  medium,  experimental  results  were  obtained 
at  CUERL  for  a  spectrum  analyzer  configuration.  These  re¬ 
sults  were  essentially  the  same  as  those  predicted  theoreti¬ 
cally.  Typically,  for  an  integration  time  (t)  of  50  psec 
(3~-i-nch  apertures),  the  measured  frequency  resolution  was 
Af  -  20  heps  across  a  phase-linear  bandwidth  (B)  of  10  meps 
centered  at  fQ  =  20  meps .  This  corresponds  to  a  time-band¬ 
width  product*  of  900  with  an  integration  efficiency  close 
to  100  per  cent , 


* 

The  time  bandwidth  product  of  a  spectrum  analyzer  is  equal 
to  the  number  of  frequency  resolution  elements  N  contained 
within  the  frequency  coverage,  i.e.,  N  =  B./Af  =  TB  „ 
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inrnrnnrafi?  fvthe  ultrasonic  delay  line  light  modulator, 

Sffu  ln  3  co^erent  configuration  with  an  appro- 

trnm  ’L1Jght  SOUmuS  and  Photodetector  is  a  realizable  spec- 

taneouql fy^er •  lilg_gntire_.fr eguency  coverage  appears  simul- 

a?  the  Also,  the  relative" 

cove^an  r  °  signals  within  the  finite  frequency 

coverage  B  are  cxosely  predicted  by  Mr 


I1(f)  =  I  E^f)  Is 

with 

CO 

Ex(f)  =  K  /  T  (T)e"^27TfTdT 

—  rn  ^ 


(10a) 


(10b) 


For  an  output  signal  of  the  general  form 


v(t) 


-  2  V 
n 


n 


(10c) 


the  pertinent  complex  transmission  function  can  be  written 


T  (T)  =  Pq 

-L  a 


(-0  X  ane3(^'V  +  *„> 


( 10d 


an  is  the  normalized  modulation  index,  i.e.,  a  =  v  /v 
and  the  normalizing  constant  is  K  =  1/t  Note  thatnnm )  ° 

Se?ofi??hlh?  inte^ation  limits  (the  delay  ie'Jtfas  f til 
lit  hq ,  ( ob )  fox  a  pulse  of  duration  T 

This  electro-optical  spectrum  analyzer  and  its  cor¬ 
responding  set.  of  defining  equations  will  now  be  applied  to 
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Lhe  problem  of  processing  signals  obtained  from  a  linear 
phased  array  antenna.  In  later  sections,  the  optical  system 
will  be  extended  so  as  to  utilize  its  second  dimension  and 
provide  processing  capability  applicable  to  planar  array 
antennas . 

B •  ARRAY  ANTENNA  WAVEFORMS  AND  INHERENT  CHARACTERISTICS 

The  waveforms  that  are  typically  obtained  at  the  ele¬ 
ments  of  a  radar  receiving  array  will  now  be  derived.  Con¬ 
sider  a  reflecting  target  in  space  which  is  illuminated  by 
a  transmitted  signal  vT(t)  having  unit  amplitude,  a  dura¬ 
tion  T  and  a  carrier  frequency  £  t  so  that 


VT(t)  =  PT(t)  COS(27Tfct) 


(11a) 


where 


PT(t)  =  N 


1  for 


0  for 


t  |  <  |  T 
t  I  >  ~  T 

cl 


(lib) 


The  signal  that  is  reflected  by  the  target  reaches  the  re¬ 
ceiving  antenna  in  the  form  of  a  traveling  plane  wave  which 
is  delayed  by  the  round  trip  propagation  time  and  shifted 
in  frequency  by  the  rate  of  change  of  this  propagation  path 
length.  For  simplicity,  we  first  consider  the  linear,  uni¬ 
form  array  shown  in  Fig.  5. 


The  incident  wavefront  is  not  received  simultaneously 
by  all  array  elements  for  targets  having  a  finite  location 
angle  0  .  The  signal  received  by  the  n^B  array  element  is 
delayed  (relative  to  element  zero  in  Fig.  5)  by  an  addition¬ 
al  amount  given  by 


nTg  =  n(d  sin  b/c) 


(12a) 


b~ 
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wnere  d  is  the  spacing  between  array  elements  and  c=  A  f 
is  the  speed  of  electromagnetic  wave  propagation.  c  c 

In  addition,  the  received  signals  are  amplified  and 
then  heterodyned  to  a  convenient  intermediate  frequency  as 

1?h1?aJed  i^.Fig*  The  resulting  signal  obtained  at  the 

n  intermediate  frequency  channel  can  be  written  in  the 
form 


vin(t,)  =  PT(t')cos  27r[(fo+fd)t»  -  nT0(fc-fo)  +  0./27T]  (l2b) 


where  t'  =  t  -  tr  -  nT q  , 

tR  =  range  delay  =  2r/c  , 

fQ  =  intermediate  carrier  frequency 

fd  =  Doppler  frequency  =  -  2Rfc/c  , 

2R  =  propagation  path  length  , 

R  =  target  range  for  a  monostatic  system,  and 
if  =  Phase  angle  which  is  independent  of  0  n 
and  t  .  * 

Note  that  the  envelope  (pulse)  function  is  given  by 


PT(t»  )  = 


1 

for 

It'  |  <  ~  T 

0 

for 

It'  |  >  -g  T 

(12c) 


with  t.  =  t  -  tr  -  nig  .  This  means  that  the  time  of  oc¬ 
currence  of  any  one  signal  is  a  function  of  target  range 
target  location  angle  3  and  the  relative  position  of  the 
array  element  which  produced  the  signal.  Thus,  all  signals 
do  not  occur  simultaneously  and  for  systems  having  a  large 
aperture-bandwidth  product,  signals  at  separated  elements 
may  occur  during  entirely  sepeirate  time  intervals. 


Ihe  electro-optical  processing  techniques  described 
below  determine  the  location  angle  0  ,  range  R  and  range- 
rate  R  without  .loss  m  resolution  or  signal-to-noise  ratio 
lue  Lo  the  progressive  envelope  delay  t  ,  in  fact,  it  i s 
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shown  thac  these  processors  are  capable  of  producing  all 
location  angles  as  a  continuum  with  the  theoretically 
optimum  resolution  AS  that  is  obtainable  from  the  array. 

funitv°^-"  ?rrsy  tl;e  theoretical  angle  resolution 

oeak-lo^f?'  t0i?01®Lrati°)  13  aPProxi™*tely  equal  to  the 
Peat  to  first  null  width  of  the  beam  pattern,  i.e.. 


A0  £  J 


(cos  9 


Here,  (Nd/Ac )  is  the  antenna  aperture  length  measured  in 
wavelengths  and  Nd  cos  9  is  the  projected  antenna  aperture 
as  seen  by  the  received  wavefront.  Thus,  the  theoretical  * 
resolution  width  increases  as  9  increases  so  that  "  as  a 
practical  matter,  0  is  restricted  to  about  +  45  deg. 

It  can  be  shown  that  in  order  to  properly  form  the  re  - 

elemeSt sbe5IllS’  ?  f  1/2  ?'c  and  a  large  number  of  receiving 
elements  1  must  be  employed  if  low  sidelobe  levels  are 

esired.  Also,  the  sidelobe  characteristics  of  the  antenna 

can  be  shaped  by  employing  either  a  nonuniform  illumination 

pa  -tern  or  by  omitting  selected  receiver  elements  is  a  pseudo- 

“trTyn-  Again,  the  electro-optical  processors  co^sTd 

c«fbilitv  ofhh.  3  repl;cl°f  the  inherent  beam  forminq 

capability  of  the  antenna  including  its  modified  sidelobe 
cnaracter 1st ics . 
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a  linear  «r^can°be“pr fr°m  the  ele"“=nts  of 
the  two  electro-optical  techniouel  a“plo>'ln9  °lthor  one  of 
an  Sec.  iv,  these' tiS  tectaiSuS  J  3e;Cri5ed  below-  As  shown 
bined  in  a  single  optica?  coSiguraH  '  f  ^ntageously  corn- 
processing  capability  for  pla^f  Jr«y  8  Unique 

cases,  the  inherent  charactSTTTiof  fntennas.  In  all 
reaiized  directly  as  output  ^om^pSces"^™8  ^ 

A  *  SPATIAL  MULTIPLEXING  TECHNIQUE 

duces  N  waveforms  of ^he** t ^°ns^stlng  of  N  elements  pro¬ 
order  to  proper?rSrocess  t2K  dsscrtbed  bY  Eq .  (,12b).  m 
tion  angles  6,  ranges  R  and  rani5"31?  t0  ?btain  the  loca- 
multitude  of  targets  the  baf il  IT  *  °f  each  of  a 

analyzer  technique  described  in  Sec"  n‘APiniVPeCtrUra 
bmce  the  array  produces  an  ensemble  of  \  11  emPloYed . 

since  three-dimensional  informative  R  anHl  ^  a 

all  dimensions  of  the  elecLro-onH«  ’  K  3  °  li3  desi^ad, 
lized.  eiectro-optical  processor  must  be  util 

a  one^LeisSafhghfmodSStSr01'^9-  2)  is  *=«ntlally 
were  introduced  in  the  y  dimeSio^Tb0  Spatlal  derations 
Will  now  be  exploited  to  signif icantlv  beCv  nd  dimension 

processing  capability  of  tUTe  electro  o 2??“?  the  signal 
basic  technique  that  appears  ?  1  systems.  The 

array  processors  consist^  of  filUnq  th^  fppdicable  to  phased 
object  piano  with  separate  and  nar^ili  J  dimension  of  the 
as  shown  in  Fig.  6.  E^c£  channel n™  Ultransonic  channels 
electric  transducer  of  widtt  T  w^C°nSf tS  °f  3  pie20~ 
tinct  ultrasonic  traveling  wave  TJe  sLla?'  ^ ^wn  dis- 
lacent  channels  is  t  and  '  *-•  t  P  fc  n  between  ad- 

are  L  and  D  as  shown  JV  KbaLapertUre  di">ensions 
tained  in  the  light  modulator  'is  V  C°”“ 

phased  array  elements  that  are  processed  is  N  ^  L™  °£ 

placed  in  the^opt  icaVconf  igurat  ioVf0" 1C  ■  li9ht  modulator  is 
configuration  cj„  be  se“  Jo  be  the  S°W2.ln  Fiq-  7.  This 
of  the  spectrum  analyzer  shown  i“ri5  extension 

only  concerned  with  a  finite  ( detent^  \  Also,  since  we  are 
which  contains  the  desired  raLr  iS^S“ 
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transfer  functions  contained  in  Eqs.  (10)  can  be 
A  direct  extension  of  Eqs.  (10)  to  two  dimensions, 
to  define  two  normalized  input  parameters; 


applied . 

leads  us 


t  =  x./s  ,  7  =  y/l 


and  two  normalized  output  parameters; 

f  =  x»(s/fal)  .  0  =  y'(VFAL) 


(14) 


(15) 


where 
plane 
and  F 
6  and 


(x,  y)  are 
dimensions, 
and  A  l 

7. 


obiect  plane  dimensions,  (x1,  y1)  are  image 
s'  and  l  are  ultrasonic  beam  parameters 
are  optical  parameters  as  defined  in  tigs. 


Each  of  the  signals  v^t),  as  given  by  Eqs.  (12),  acts 
as  an  input  to  a  corresponding  ultrasonic  transducer.  The  r 
suiting  output  signals  obtained  from  a  detector,  such  as  a 
photodetector  mosaic,  placed  at  the  image  plane  are  proportiona 

to 


f,  0) 


IK  /  / 


T,  (T, 


7  / e 


•  j?  rv  fT  f  07 ) 


drdy 


16) 


where  T-(t  7)  is  the  complex  transmission  function  produced 
by  the  spatially  multiplexed  light  modulator.  This  transmission 
function  essentially  consists  of  the  sum  of  the  transmission 
functions  produced  by  the  signals  exciting  the  separated  ultra 

sonic  channels. 


Again,  Eqs.  1 10c) 
phased  array  waveforms 


and  (lOd)  are  applicable, 
of  Eqs.  (12),  we  obtain 


and  for  the 


(17a) 
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where  the  pulse  (envelope)  functi 


ons  are  defined  by 


PaO)  = 


1  for  !  b  |  <  i  A 


O  for  j.  b  1  >  J  A 


(17b) 


Pt( T ~nX q)  defines  the  location  and  extent  of  L  u  7 

phased  array.  1  Y  0  that  ls  introduced  by  the 


l:  (f,  0)  =  |  sinc[f-(fo+fd)jT  sine  0w/f 


(18) 


•  2  sinc[0+(f+f  -f  )T  ~nj. 

n=~oo  coy 


where 


sine  z  =  — — ■  '7T- 


a-  Sc^^xS  • ,  ?iT 9 ?  #  > 

o,tpJhLs;aaiL1-ft%-:Lpp-^L:“hSgLfiS1f^hrLeSed 
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I  (f ,  0)  =  |  sine  [  f-(  f  H-fd)  J  T  sine  0W,A  ( 19) 

1)0 

•  sine  [tj)+(  f+fc-fQ  )Tg]  N  | 2 


This  output  signal  has  a  single  intensity  peak  which  is  lo¬ 
cated  at  f  =  f .  ,  <t>  -  0M  where 
l  M 


f .  =  f  +  f ,  ( 20a ) 

l  o  d 

and 

$M  =  -  T0(fc  +  fd)  ?-  -  (sin  9){~)  .  (20b) 


A  representation  of  the  output  signal  that  appears  in  the 
image  plane  is  shown  in  Figs.  8  and  9.  By  measuring  the  co¬ 
ordinates  of  the  output  signal  we  obtain  0^  and  fi  .  From 
these  two  measurements,  we  immediately  obtain  the  location 
angle  8  and  the  Doppler  frequency  fd  from  Eqs.  (20)  since 
fQ,  d,  Ac  and  fc  are  known  system  parameters.  Also,  target 
range  R  is  obtained  since  this  peak  signal  only  occurs  at  a 
time  t  =  Tp  -  2R./C  . 

The  angle  resolution  A 6  ,  Doppler  resolution  Afd  and 
range  delay  resolution  Atr  can  be  obtained  by  examining  the 
fine  structure  of  the  light  intensity  distribution  within  the 
detected  output  area.  The  cuts  A  -  A'  and  B  ~  B1  in  Fig.  8 
can  be  most  conveniently  used  to  plot  light  intensity  as  a 
function  of  0  and  f  respectively  as  shown  in  Fig.  9.  This 
figure  shows  the  output  response  for  a  single  target  located 
at  0=4-5  deg  which  has  a  finite  Doppler  frequency  fd  , 

From  Eqs.  ( 19)  and  (20),  we  obtain  the  resolution  width  A0M 
parallel  to  the  0  axis  as 

=  N  '  ^  21a) 


However,  by  differentiating  Eq.  (20b)  we  obtain 
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0=45°  0=0°  0=-45°  0=- 90° 

a)  CUT  A-A'  OF  FIG.9AI  COVERAGE  FOR  |0|<9O° 


♦output 


- SINC  (♦  W/i) 


FREQUENCY  f 


b)  CUT  B-B  OF  FIG.  9A  i  COVERAGE  |  f  |<  |fQ  +  |  Mftx 


A-lOO-  P  -  0082 


FIG.  9  OUTPUT  FINE  STRUCTURE  FOR  A  SPATIALLY  MULTIPLEXED, 

ELECTRO- OPTICAL  PROCESSOR 


T-1/19S 


-26- 


COLUMBIA  UNIVERSITY — ELECTRONICS  RESEARCH  LABORATORIES 


A0^  =  (cos  6)(~)^9 


(21b) 


so  that  the  angle  resolution  is 


A0  = 


1 


( cos 


0) 


(21c) 


Thus,  the  output  angle  resolution  is  the  same  as  the  in¬ 
herent  resolution  of  the  antenna  .  Eq.  ( 13)  .  Similarly, 
the  output  side-lobe  characteristics  can  be  shown  to  be  a 
replica  of  the  side-lobe  characteristics  of  the  antenna.  The 
output  shown  in  Fig.  9  is  for  a  uniform  array,  resulting  in 
the  characteristic  sinc-func tion  response.  For  any  other 
aperture  weighting  function,  the  output  will  be  modified  and 
remain  a  replica  of  the  true  side-lobe  characteristics  of  the 
antenna.  In  fact,  aperture  weighting  can  be  directly  incor¬ 
porated  into  the  electro-optical  processor  by  introducing 
shading  masks  to  shape  the  side-lobes  characteristics. 

Doppler  resolution  is  obtained  in  a  similar  fashion  as 
shown  in  Fig.  9b.  Again,  from  Eqs.  (19)  and  (20)  the  output 
resolution  width  Afd  parallel  to  the  f  axis  is  given  di¬ 
rectly  by 


Afd 


(22) 


which  is  the  optimum  frequency  resolution  obtainable  after 
coherently  integrating  a  signal  of  duration  T  .  In  addition, 
it  can  be  shown  that  the  range  (delay)  resolution,  as  con¬ 
tained  in  the  time  response  of  the  output  light  intensity,  is 
given  by 


At 


R 


T 


(23) 


This  is  the  same  as  the  range  (delay)  resolution  inherent  in 
a  finite  duration  pulse. 
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The  following  conclusions  can  be  formed  from  these  de¬ 
rived  results  :  (l)  The  target  location  angle  6  is  obtained 

unambiguously  for  each  and  every  target  that  can  be  resolved. 
\2)  Target  angle  resolution  is  identical  to  the  resolution  in¬ 
herent  in  the  antenna  array.  (3)  All  antenna  beam  angles  ap¬ 
pear  simultaneously  as  a  continuum  in  a  form  which  is  identical 
to  the  beam  forming  capability  and  side-lobe  response  of  the 
antenna  array.  (4)  In  addition  to  angle  measurement,  the  sec¬ 
ond  dimension  provides  Doppler  frequency.  (5)  Doppler  fre¬ 
quency  is  obtained  unambiguously  with  a-  resolution  which  is 

to  that  obtained  from  an  ideal  coherent  integrator. 

(6)  Angle  and  Doppler  appear  at  the  output  completely  associ¬ 
ated  in  orthogonal  dimensions.  (6)  The  time  of  occurrence  of 
each  output  signal  is  proportional  to  the  range  of  each  target. 

B.  TIME-DELAY  MULTIPLEXING  TECHNIQUE 

The  second  electro-optical  processing  technique  utilizes 
only  one  dimension  of  the  light  modulator.  This  is  accom¬ 
plished  by  forming  a  single  waveform  from  the  ensemble  of  wave¬ 
forms  obtained  from  a  linear  array  as  shown  in  Fig.  10. 

Each  of  the  signals  of  finite  duration  T  obtained  from 
an  N  element  linear  array  (Eqs.  ( 12 ) )  is  passed  through  a 
delay  line  and  the  delayed  signals  are  then  summed.  The  delay 
lines  are  designed  to  provide  a  constant  incremental  delay 
difference  TD  between  adjacent  channels,  i.e.,  Tn+1  -  T  =  Tn. 
The  incremental  delay  Tq  is  chosen  so  that  the  summed  wave¬ 
form  Vg( t J  consists  of  a  series  of  separated  pulsed  carriers, 
the  nth  pulse  representing  the  delayed  signal  from  the  nth 
array  element.  This  is  accomplished  when 


TD  = 


T  +• 


max 


T  + 


(-) 

v  c' 


sin  9 


max 


(24) 


Typically,  for  |  0  I  <  90  deg  and  d/Ac  =  1/2,  we  have  TD 
T  +  1/ 2f  a*  T  since  tEe  radar  carrier  frequency  fc  is  much 
greater  than  the  radar  bandwidth  l/T  . 

The  summed  waveform  vs(t)  now  consists  of  N  pulsed 
carriers,  each  of  duration  T  and  separation  Ts  =  td  +  Tfl 
so  that  the  total  signal  duration  is  NTS  .  The  form  of  this 
signal  is  obtained  from  Eg.  (12b)  after  the  indicated  delay 
and  summation  is  performed,  i.e., 


T-l/199 


-28- 


COLUMBIA  UNIVERSITY  ELECTRONICS  RESEARCH  LABORATORIES 


ME-DELAY  MULTIPLEXED  ELECTRO-OPTICAL  SIGNAL  PROCESSOR 


COLUMBIA  UNIVERSITY— ELECTRONICS  RESEARCH  LABORATORIES 


N-l  f 


n=-‘ 


N-l 


Vs(t)  =  A  PT(t-TR-nTe-Tn) 


25) 


•  cos  27T f  (  f o+f d ^  ^ t-T R~nT  e“Tn  ^ -nT  0 ^  f c~ fo  H^j/27^ 


This  waveform  now  acts  as  the  input  signal  to  a  single  channel, 
ultrasonic  light  modulator  and  coherent  optical  configuration 
as  was  shown  in  Fig.  3*  In  this  case,  Eqs.  (10)  are  directly 
applicable  since  integration  occurs  in  only  one  dimension. 

The  contributing  complex  tran  -mission  function  of  interest  can 
be  shown  to  be  given  by 


N-l  (• 

2 

T  (t)  -  Z  <  pJt-nT  )  (26) 

1  N-l  1 

n“"  2 


j27T[(f  +fd)(T-nT  )-Pi0(fc-fo)j 
e 


where  t  is  the  normalized  object  plane  variable  (t  -  x/s) 
at  the  time  instant  when  the  entire  signal  is  present  in  the 
light  modulator  and  pT(x-nTs)  represents  the  duration  T  of 
the  nth  pulse  which  is  located  at  t  =  nTs  . 

The  resulting  output  signal  I1(f)  is  now  given  by 
Eqs.  (10a)  and  (10b)  as  the  power  spectrum  of  vs(t).  Per¬ 
forming  the  indicating  operations  and  normalizing,  we  obtain 


oo 

sinc(f-f  — f  , )t  Z  sine 
x  o  d 

(  f  -f  )tn 
_  ,  '  c  o  6  n 

NT 

s 

f  +  T  "  t 

n=-oo 

s  s 

(2?) 


The  first  sine  function  is  located  at  f  =  fi  =  f0  t  fd  and 
it  has  a  peak-to-null  width  of  l/T  .  The  remaining  sine 
functions  are  located  at 
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f 

n 


[n 


f  -f  b 

c  o  i 


T 


[n  -  <fc~fo)Te] 

ltd  +  T0] 


(28) 


and  they  have  a  peak-to— null  width  of 


Af„  = 

M 


NT 


N!Td+t0. 


(29) 


as  shown  in  Fig.  11. 

Since  fQ  is  the  (known)  intermediate  frequency,  the 
frequence  difference  fjyj  fQ  -  fn  can  be  measured  directly 
in  the  image  plane  and  from  Eg.  (28)  we  obtain 


f  t 
c 


f  T-k, 
o  D 


"M 


T  -+-T  ) 

V  e} 


(30a) 


where  k  is  an  integer  such  that  fM  <  1/2?  .  For  conven¬ 
ience,  we  can  select  fG  so  that  fo^D  ^  an<^  (30a) 

simplifies  to 


(30b) 


so  that 


sin  Q 


f  (  — )  T 
M'  d  1  D 


.-f 


Mx 


(30c) 
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Thus,  the  target  location  angle  0  is  uniquely  determined  by 
measuring  the  fringe  displacement  fM  in  the  image  plane. 


It  should  be  noted  that  since  TD  =  T  +  |  Tg  |max  ■>  t^ie 
denominator  of  Eq.  (30b)  can  never  be  larger  than  T  +  2  T  g  imax 
However,  2  |  t q  jmax  <(  l/f c  for  |  0  I  \  90  deg  and  for 
practical  radar  transmitters,  fc  (>/■  l/T  .  Thus,  Tq  +  t q  2-  T q 
and  we  can  write 


so  that 


fM  ~  T 9% } 


sin  a  -  fM(-%-2) 


(30d) 


(30e) 


This  approximation  is  valid  independent  of  the  number  of  array 
elements  N  and  the  array  aperture  Nd  that  is  employed. 

The  angle  resolution  £0  is  obtained  by  differentiating 
Eq.  (30e)  with  respect  to  6  and  combining  this  result  with 
Eq.  (29).  This  gives 


A0 


1 


)  COS  0 


which  is  the  theoretical  angle  resolution  obtainable  from  an 
array  antenna  as  was  previously  derived  in  Eq.  (13). 

The  following  conclusions  can  be  drawn  from  these  de¬ 
rived  results:  (l)  Within  the  field  of  view  required  to  in¬ 
clude  all  possible  location  angles  ( |  0  |  \  90  deg),  no  am¬ 

biguities  appear.  (2)  Within  this  field  of  view,  all  antenna 
beam  angles  appear  simultaneously  as  a  continuum  in  a  form 
which  is  identical  to  the  beam  forming  capability  of  the  an¬ 
tenna  array.  (3)  By  measuring  the  location  ''frequency"  fM 
of  the  output  signal,  the  physical  location  angle  0  of  the 
target  is  obtained.  (4)  The  output  resolution  width  AfM  -  l/NT£ 
corresponds  to  an  angle  resolution  A0  which  is  the  same  as  that 
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obtained  directly  from  the  phased  array.  (5)  All  responses 
are  weighted  with  an  amplitude  function  centered  at  the  fre¬ 
quency  of  the  input  signals  ( £*  =  fQ  +  f^).  (6)  The  fre¬ 

quency  location  of  the  output  signal  is  not  a  function  of  Dop¬ 
pler  frequency. 
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IV'  -^gS.-TRO. -OPTICAL,  PROCESSOR  FOR  P  LA  NAP  PHAfiBn  ARRAYS 


techniquerinnansi^?et^^elaY  ^  the  sPatial  multiplexing 

angle  information  can  be  obtainer^TroicaUv'  tWO"dimensional 
consisting  of  n  column--  m  *  VPi-tally,  a  planar  array 

ing  an  N  channel  light “modulator whirhShPr°CeS;!ed  by  emPXoS'~ 
delay  multiplexed  M  times  lucS  ®aCh  channel  time- 

schematically  in  Fig.  12  '  3  C  f igurat ion  is  shown 


A  RESPONSE  CHARACTERISTIC S 


dyned^and  delated  “ihe'relSuif  itS  aignal  amPlified,  hetero- 
then  summed  (hence,  time-mult iplLJd?"^^0^ eaC,h  C°lumn  are 
uer  as  was  previously  discussed  P  *a?t;Ly  the  same  man- 

rived  from  the  nth  column  of  ihe  Fig-  10^ *  The  signal  de- 

sonic  transducer  of  the  spatially  mu  1?’ f®5  t0  the  nth  ultra- 
spectrum  analyzer  (see  Figs  6^  7^  electro-optical 

output  response  from  this9processor^ «  Th®  two-dimensional 
shown  in  Fig.  8  except  that  eS  Uf  similar  to  the  output 
time  multiplexed.  As  a  result altrasonic  channel  is  now 

?h^inGp  the  f  tension  is’simiU?  to  tha?  ?Vtput 

Thus,  if  the  narrow  beam  dimension  form^  il  L  hown  ln  Fl9-  11. 
merits  in  the  phased  array  is  called  n  t  S  r°WS  °f  ele~ 

us  called  0  (formed  by  columns)  then  n,  he  ortbo9onal  angle 
tiie  output  of  the  spectrum  analjzer  as  me  SS  angles  aPPear  at 
fn  as  shown  in  Fig  13  Y  measured  values  0^  and 


As 


direct  consequence  of  the 


vious  sections,  we  can  conclude  that  Presented  in  pre- 

dimensional  beam  angles  are  obtainpd’^li.  A11  Possible  two- 
tinuum.  (2)  The  angle  e  o  J  -  ^  tane°UslY  as  a  con¬ 
ciliations  which  are  theoretical^  to  the  res- 

(3)  Multiple  targets  wm  See  JlT  0"  ante™a- 

angles  properly  associated  (4)  The  outputs  with  all 

signals  t  )  that  is  introduced  by'  Jhe  SLTp'r  dela^  bet^en 
so  as  not  to  result  in  an  aperture-baiidSiStS  e  rfY  13  Pressed 
two  dimensional  matrix  of  delay  lines  or  nhaSe3  ^ 

is  not  required  (6)  Ty,,Y  L68  r  Phase  shifting  net- 

for  time  multiplexing;  equals  ^he  numbJr^f  dSl3Y  linSS  reguired 
different  delay  lines  repeated  N  times)  lements  (M 

are  contained  within  the  emit  times]  (.7)  No  ambiguities 

lobes  of  any  output  si^na!  «e  \  dent  T!9?  and  side " 

duced  by  the  antenna.  (8)  rh  s  . t0  the  side  lobes 


A 

works 


processing  technique  permits 


pro- 
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j-uli  use  of  antenna  beam  shaping  functions  (amplitude  taper 
pnase  taper,  random  element  distributions,  etc  )  (9)  Addi- 

ti  >nal  team  shaping  and  side-lobe  suppression  can  be  directly 
introduced  into  the  optical  aperture  in  the  form  of  shadinq  * 
masks  and  stops.  (10)  Pulse  compression  can  be  employed  bv 
transmitting  a  frequency  modulated  carrier  and  introducing 
variable  pitch  gratings  into  the  optical  subsystem  of  the 
processor.20-2' 


B. 


SYSTEM  PARAMETERS  FOR  SQUARE  A RRAY S 


Consider  a  square,  planar  array  antenna  consisting  of  N2 
elements  with  an  element  spacing  of  one-half  wavelength.  Let 
this  antenna  operate  as  a  radar  receiver,  obtaining  signals 

°f-finite  duration  lT)  from  a  multitude  of  reflecting  tarqets 
which  are  located  at  various  ranges  and  at  various  location 
angles  m  space.  The  signal  processor  for  this  antenna  would 
consist  of  a  time-delay  multiplexing  network  which  accepts  the 
N  signals  from  the  array  and  produces  N  new  time  waveforms 
These  signals  are  then  applied  as  inputs  to  an  N  channels 
spatially  multiplexed,  electro-optical  signal  processor.  The 
°f^thlS  Procefsor  is  a  direct  measure  of  che  range  and 
the  { two-dimensional )  location  angles  of  each  target. 

The  signal  pulse  duration  (t)  and  the  number  of  array  ele- 

Svnih/?n  1  C9n  realistically  be  processed  may  be  constrained 

f^th^fol_low-ncJ  Parameters  of  the  electro-optical  processor: 

i)  ihe  maximum  optical  aperture  dimension  that  can  be  utilized 
while  maintaining  a  diffraction  limited  condition.  (2)  the  maxi- 

Tator  Wh10  ^nd:idt"  and  °arrier  f^quency  of' the' light  modu¬ 
lator  (3)  the  efrect  of  ultrasonic  attenuation  on  output  resolu- 

i°n  a^d  Slde  iobe  response,  and  (4)  the  maximum  number  of  ultra- 

tureC  transducers  that  can  be  accommodated  in  the  optical  aper- 


The  aforementioned  experimental  results  obtained  at  CUERL 
indicate  that  processor  parameters  are  governed  by  the  follow- 
considerations:  ;li  Optical  configurations  with  a  3-inch 

)/m!  clear  aperture  can  be  maintained  diffration  limited. 
IPJ  -jight  modulator  cairier  frequencies  up  to  30  mcps  in  a 
water  delay  medium  have  been  successfully  used.  (3)  Light, 
modulator  bandwidths  from  5  per  cent  (airbacked)  to  100  per 

nrSd  '  backed)  of  the  carrier  frequency  have  been  meas¬ 

ured.  ( 4 )  Immersion  of  the  ultrasonic  transducer  in  ..he  water 
elay  medium  (water  backing)  produces  a  10-per  cent  bandwidth. 
)P '  itrasonic  matching-section  techniques  have  been  developed 

tor  single  transducer  configurations,  producing  a  50  per  cent 
mear  phase  bandwidth  with  low  insertion  loss. 
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A  realistic  set  of  initial  parameters  for  a  multiplexed 
electro-optical  processor  would,  therefore  consist  of  the  fol- 
owing:  (1)  a  3-inch  optical  aperture,  (2)  at  light  modula¬ 

tor  employing  a  water  delay  medium,  (3)  a  carrier  frequency  no 
greater  than  30  mcps  and,  (4)  a  minimum  bandwidth  of  2  mcps. 

In  this  case,  ultrasonic  attenuation  is  negligible  and  signal 
durations  from  0.5  [xsec  to  50  psec  can  be  processed.  The  num¬ 
ber  of  ultrasonic  transducers  that  can  be  employed  is  essentially 
determined  by  the  acoustic  beam  spreading  which  occurs  when 
transducers  of  small  width  V?  are  employed.  A  typical  design 
criterion  requires  that  adjacent  ultrasonic  beams  do  not  over¬ 
lap  and  that  beam  spreading  does  not  result  in  an  amplitude 
taper  which  significantly  degrades  the  system  response. 

The  design  equations  which  result  from  these  considerations 
can  be  shown  to  be  given  by 


N2  ~  (  fQL2/4S2T)  2// 3 

(31a) 

D  =  NTS  <  L  , 

(31b) 

and 

W  -  L/2N  =1/2 

(31c) 

where  N2  is  the  total  number  of  square  array  elements  that 
can  be  processed,  fQ  is  the  ultrasonic  carrier  frequency. 

L  and  D  are  the  optical  aperture  dimensions,  S  is  the 
sonic  propagation  speed  in  the  delay  medium,  T  is  the  (re¬ 
ceived,  signal  pulse  duration,  W  is  the  ultrasonic  transducer 
width  and  t  is  the  spacing  between  transducers. 

The  aforementioned  initial  design  parameters  specify 
fo  25  mcps,  L  =  7*5  cm  =  3  inches,  S  =  15  X  104  cm/sec  and 
a  2-mcps  bandwidth.  For  a  signal  duration  T  =  0.5  (isec  we 
obtain  the  result  that  N2  -  (32) 2  =--  10^4,  D  =  2.5  cm.  w' * 

1.15  mm  and  l  2.3  mm.  Furthermore,  by  adaptinq  the  afore¬ 
mentioned  ultrasonic  transducer  matching  technique  to  the 
spatially  multiplexed  configuration,  the  signal  pulse  duration 
could  be  reduced  to  0,1  psec  (a  10-mcps  bandwidth).  This  would 
extend  the  processing  capability  to  N2  -  (55) 2  -  3025  elements. 

To  extend  the  processing  capability  further,  the  carrier 
frequency  f0  and/or  the  optical  aperture  dimension  L  must  be 
increased.  In  either  case,  ultrasonic  attenuation  in  water  can 
be  shown  to  introduce  an  additional  constraint  expressed  by 
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f  2nt  <  4  x  lO10 

o  — 


(32) 


By  meeting  this  constraint,  it  can  be  shown  that  the  system 
response  will  not  be  significantly  different  from  that  ob¬ 
tained  with  no  acoustic  attenuation.  Typically,  to  process 
a  10,000  element  square  array  (N  =  100)  with  a  3-inch  optical 
aperture  and  a  50  per  cent  ultrasonic  bandwidth,  acoustic  at¬ 
tenuation  affects  (Eq.  (32))  require  that  T  )>  0.01  psec. 

Now,  from  Eq.  (31a)  we  obtain  T  =»  0.07  psec  so  that  fD  ~  28  meps 
and  the  system  response  is  not  degraded  by  acoustic  attenuation. 

Thus,  electro-optical  processor  considered  is  capable 
of  producing  the  location  angles  of  multiple  targets  with  opti¬ 
mum  resolution  and  side-lobe  response.  Starting  with  an  in¬ 
herent  processing  capability  for  1000  array  elements  with  a 
system  bandwidth  of  2  meps,  the  ultrasonic  light  modulator  can 
be  further  developed  to  accommodate  10,000  array  elements  with 
a  system  bandwidth  of  14  meps. 
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